The hollow hexagonal pattern involved in surface discharges is firstly investigated in adielectric barrier discharge system. The spatiotemporal structures of the pattern are studied using an intensified charge-coupled device and photomultiplier. Instantaneous images taken by an intensified charge-coupled device and optical correlation measurements show that the surface discharges are induced by volume discharges. The optical signals indicate that the discharge filaments constituting the hexagonal frame discharge randomly at the first current pulse or the second pulse, onceor twice. There is nointerleaving of several sub-lattices, which indicates that the 'memory' effect is no longer in force due to surface discharges. By using the emission spectrum method, both the molecule vibration temperatureand electron density of the surface discharges are larger than that of the volume discharges.
Introduction
The dielectric barrier discharge (DBD) has gained widespread attention for its nonlinear phenomena including pattern formation, andits industrial applications such as selective surface modification and plasma photonic crystals [1] [2] [3] [4] [5] [6] . Various types of the patterns are obtained under different parameters, especially the product pd of gas pressure p and the gas gap d. The filamentary DBD in thestreamer regime (the product of pd is far fromfrom 10 Torrcm) is always non-uniform, characterized by random or self-organized filaments, whichare actuallythe volume discharges (VDs), such as aho-neycomb hexagon pattern andsquare pattern [7] [8] [9] [10] [11] . In general,not only doVDs exist, but alsosurface discharges (SDs) existin theDBD system. The SDs have attracted considerable attention and arewidely used in industrial applications, especially insurface treatment [12, 13] . However, there are few relevant reports onpattern formation dueof the interaction between VDs and SDs at present. As hasbeenreported previously, these patterns are theinter-leaving of several different transient sub-lattices due to the 'memory' effect. There hasexisted a 'memory' effect inpreviously reported filamentary patterns. In the discharge process, some surface charges willaccumulate on the dielectric layers by micro-dischargetraveling. The 'memory' charges deposited by the previous filaments are responsible for the ignition of a new discharge at the same location. Here, we report a hollow hexagonal pattern without specific sublattices, which is different significantly from filamentary patterns. It indicates that the 'memory' effect is no longer in force.
In this paper, ahollow hexagonal pattern without central spots is firstly investigated in aDBD. Though the shape of thepattern is similar to ahoneycomb hexagonal pattern,it not only involves VDs but also has a close relationship with SDs. The spatiotemporal structures of the pattern are studied by optical measurements. It can be seen that the individual discharge filaments with this pattern randomly discharge at the first current pulse or the second pulse (once or twice), which is not consistent with the 'memory' effect. For this pattern with the SDs, some surface charges can be largely transported along the direction of the SDs. The spreading of surface charges on adielectric surface issuggested to be a probable reason for pattern formation. Optical emission spectrum methods are used to compare the difference betweenplasma states for VDs and SDs.
Experimental setup
A schematic diagramof the discharge cell is shown in figure 1 . The electrodes are two symmetrical cylindrical containers filled with water and sealed with glass plates. A metallic ring is immersed in the water and connected to an ac power supply with adriving frequency of 54 kHz. A square glass frame with a thickness of 3.6 mm and a side length of 4 cm is placed between the two parallel glass plates. The whole cell is enclosed in a big vacuum-tight chamber filled with agas mixture of 99.2% argon and 0.8% air. The voltage waveform and current waveform are detected by a highvoltage probe (Tektronix P6015A 1000×) and a current probe (Tektronix TCP0030A), respectively. They are recorded usinga digital phosphor oscilloscope (Tektronix TDS 3054B). A high speed video camera (HSVC) is used to record instantaneous behavior for it can keep records as long as needed. An intensified charge-coupled device (ICCD) is used to study thedischarge sequence. The light signal is detected by a photomultiplier tube (PMT). The emission spectra are collected by aspectrograph. Figure 2 shows the bifurcation sequence for the hollow hexagonal pattern with the applied voltage increasing. At 1.8 kV, a coexistence of square and hexagonal patterns (figure 2(a)) occurs in thedischarge area. On increasing the applied voltage, thedischarge filaments gradually increase in number and self-organize into a perfect hexagonal pattern (figure 2(b)) at 2.1 kV. When the applied voltage is increased further, the hollow hexagonal pattern (figure 2(c)) comes into being at 2.5 kV, whose cellconstitutesmarginal bright spots and no central spot. Finally, the hollow hexagonal pattern becomes unsteady ( figure 2(d) ). figure 3 , it can be seen that there are claw-like discharges around the spots, which are the SDs [14] . That is to say, there are two kinds of discharge in the pattern, the VDs (the spots) and the SDs (the claws). As seen from the image, the spots constituting thehexagonal frame are different in brightness. The bright spots may discharge twice, while the dim spot discharges only once.
Results and discussions
For studying the spatiotemporal structure of the pattern,instantaneous images are taken using the ICCD. Figures 4(b) - -(c) all form complete hexagonal frames in the whole discharge area. In addition, the discharge corresponding with Δt 2 in figure 4(c) looksmore diffuse than that correlated to Δt 1 in figure 4(b) by observing thetime integration images. It is worth pointing out that the contrast ratio of theimage taken using the ICCD was adjusted in order to research the discharge clearly.
Furthermore, the spatiotemporal correlation between the VDs and SDs is investigated using the ICCD. Figures 5(b)-(c) give the pictures with the exposure time of the shading areas Δt 1 −Δt 2 , which are the rising edge and the falling edge of the first current pulse, respectively. Figure 5(d) is their superposition. It can be seen that the SDs emerge in the center of each hexagonal cell. Figures 5(e)-(f) show the images with the exposure time of the shaded areasΔt 3 −Δt 4 , which are the rising edge and the falling edge of the following current pulse generated by ahigher applied voltage, respectively. Figure 5 (g) is their superposition. It was found that the SDs occupy the whole internal zone of the hexagonal frame. From the above images, it wasfound that the SDs discharge after the VDs both in the first and the second current pulses, indicating that the SDs are induced by VDs.
Integration images over multi-cycles are usually employed because of the poor sensitivity of the image of the single-frame. However, the image of thesingle-frame is necessary for getting to know the physical mechanism of the discharge pattern. Therefore, the single discharge behavior of thedischarge pattern obtained using the PMT is of great importance. The correlation between the light signals of different discharge position are measured and shown in figure 6 :A denotes an intersection spotof two adjacent hexagonal frames, B denotes a center spot on one side of ahexagonal frame, C denotes the internal zone of the hexagonal frame. It is found that individual filaments with different locations are exhibited randomly at two discharge current pulses, once or twice. The optical signal corresponding to the second current pulse also shows that the diffuse discharge in figure 4(c) is actually adischarge filament. In addition, the SDs within thehexagonal frame dischargeafter filaments, which is consistent with above result. In addition, the half width of theoptical signal with SDs is larger than that of the VDs, showing that the SDs and VDs are different discharge forms.
To further clarify the difference between the VDs and the SDs, the emission spectra of the N 2 second positive band (C 3 Πu→B 3 Πg)and the spectral line 696.57 nm (2P 2 → 1S 5 ),whose width can be used to estimate the electron density [15] , are measured and shown in figures 7 and 8. The molecular vibration temperatures are calculated through the six spectral lines of D = -v 2 (0-2, 1-3, 2-4) and D = -v 3 (0-3, 1-4, 2-5) in theN 2 second positive band (C 3 Πu→B 3 Πg) [16] . The molecular vibration temperatures are 2043±30 K for VDs and 2149±30 K for SDs. As is well known, a narrow width of the spectral line 696.57 nm corresponds to a small electron density, while a wide width corresponds to a large electron density. Therefore, the electron densities of the SDs are larger than those forVDs. It is obvious that the molecule vibration temperatures and electron densities of the SDs are higher than that of the VDs. The spectral results show that the plasma states of the VDs and the SDs are different.
Combiningthe above results, the structure of thehollow hexagonal pattern is not formed by different sub-lattices. The 'memory' effect is no longer in force in this pattern, which results from the SDs induced by the VDs. In the filamentary patterns, the surface charges accumulated by the previous filaments are fixed and areresponsible for the ignition of a new discharge. However, the pattern in this paper contains the SDs andVDs. The surface charges due to the appearance of the SDs can be spread largely along theradial electric field, resulting in the distribution of surface charges varying. Due to these reasons, the 'memory' effect of thesurface charges is no longer in force, resulting in the randomness of individual filaments in ahollow hexagonal pattern. Therefore, thesur-face-charge 'memory' effect plays a significant role in the formation of the discharge pattern.
Conclusion
In conclusion, ahollow hexagonal pattern with surface discharges (SDs) is investigated in a dielectric barrier discharge system. Through investigating the spatiotemporal dynamics of the pattern, it wasfound that the SDs are induced by the VDs. The discharge filaments constituting the hexagonal frame randomly discharge at the first current pulse or the second pulse (once or twice). The randomness of individual filaments of the pattern at the two currents wasdiscussed. The pattern did not interleaveseveral sub-lattices, which indicates that the 'memory' effect wasno longer in force due to SDs. Thisis quite different fromprevious patterns. The study of the optical emission spectra demonstrates that the plasma states of the VDs and the SDs are different. The results not only have important value for pattern formation, but also have important significance for DBDs. 
